Enterohaemorrhagic Escherichia coli (EHEC) adheres to the host intestinal epithelium, resulting in the formation of actin pedestals beneath adhering bacteria. EHEC and a related pathogen, enteropathogenic E. coli (EPEC), insert a bacterial receptor, Tir, into the host plasma membrane, which is required for pedestal formation. An important difference between EPEC and EHEC Tir is that EPEC but not EHEC Tir is tyrosine phosphorylated once delivered into the host. In this study, we assessed the role of Tir tyrosine phosphorylation in pedestal formation by EPEC and EHEC. In EPEC, pedestal formation is absolutely dependent on Tir tyrosine phosphorylation and is not complemented by EHEC Tir. The protein sequence surrounding EPEC Tir tyrosine 474 is critical for Tir tyrosine phosphorylation and pedestal formation by EPEC. In contrast, Tir tyrosine phosphorylation is not required for pedestal formation by EHEC. EHEC forms pedestals with both wild-type EPEC Tir and the nontyrosine-phosphorylatable EPEC Tir Y474F. Pedestal formation by EHEC requires the type III delivery of additional EHEC factors into the host cell. These findings highlight differences in the mechanisms of pedestal formation by these closely related pathogens and indicate that EPEC and EHEC modulate different signalling pathways to affect the host actin cytoskeleton.
Introduction
Enterohaemorrhagic Escherichia coli (EHEC) O157:H7 is a significant cause of food-and water-borne illness in North America, as evidenced by the recent outbreak in Walkerton, Ontario, which affected close to 2000 individuals and resulted in seven deaths (Griffin and Tauxe, 1991; Kondro, 2000) . EHEC infection initially results in a watery diarrhoea, which can progress to severe bloody diarrhoea (haemorrhagic colitis) in patients of all ages (Nataro and Kaper, 1998) . In young children and the elderly, EHEC can cause a potentially fatal systemic complication, the haemolytic uraemic syndrome (HUS), characterized by haemolytic anaemia, thrombocytopenia and renal failure (Griffin et al., 1988; Nataro and Kaper, 1998) . EHEC is a member of a family of pathogens that cause attaching and effacing (A/E) lesions. A/E lesions are characterized by the degeneration of the epithelial cell microvilli and the formation of actin-rich pedestals within the host enterocytes beneath the adherent bacteria (Moon et al., 1983; Knutton et al., 1989) . This family of pathogens includes enteropathogenic E. coli (EPEC), a major cause of infantile diarrhoea in the developing world, rabbit, dog and porcine EPEC strains and Citrobacter rodentium, which causes colonic hyperplasia in mice (Cantey and Blake, 1977; Beaudry et al., 1996; Nataro and Kaper, 1998; Newman et al., 1999) .
Central to the process of A/E lesion formation by this family of pathogens is Tir, the translocated intimin receptor. Tir is a 72 -78 kDa bacterial protein that is inserted into the host cell plasma membrane, where it is phosphorylated and becomes the receptor for the bacterial outer membrane protein, intimin (Kenny et al., 1997; Ebel et al., 1998; DeVinney et al., 1999) . Intimin binding to Tir leads to the dramatic rearrangement of the host actin cytoskeleton, which forms a pedestal beneath the adherent bacteria (Kenny et al., 1997; DeVinney et al., 1999) . Tir delivery into the host cell is mediated by the type III secretion apparatus and is dependent on the E. coli secreted proteins EspA, EspB and EspD, which are proposed to form the type III translocon (Kenny et al., 1997; Taylor et al., 1998; Wolff et al., 1998; Kresse et al., 1999; Wachter et al., 1999) . EHEC and EPEC strains that are lacking, or are unable to deliver, Tir do not form pedestals in cultured epithelial cells (Kenny et al., 1997; DeVinney et al., 1999) . The genes required for Tir delivery and A/E lesion formation are encoded in a chromosomal pathogenicity island called the LEE (locus of enterocyte effacement) (McDaniel and Kaper, 1997; Perna et al., 1998) . Once in the host cell, Tir is an integral membrane protein, with two predicted transmembrane domains. Recent work has indicated that these regions are required for the stable insertion of Tir into the host plasma membrane (Gauthier et al., 2000) . The amino-and carboxytermini of Tir are intracellular (Kenny et al., 1997; DeVinney et al., 1999) , and intimin binds to an extracellular domain called the IBD (intimin-binding domain) via a large hydrophobic pocket (de Grado et al., 1999; Kenny, 1999; Luo et al., 2000) .
The ability to form A/E lesions is essential for full virulence of this family of pathogens (Abe et al., 1998; Marches et al., 2000; Tacket et al., 2000) . Although the more severe symptoms observed with EHEC (haemorrhagic colitis and HUS) are caused by the Shiga toxin produced by this pathogen, the initial watery diarrhoea is attributed to the formation of A/E lesions (Nataro and Kaper, 1998) . In EPEC, human volunteer studies have implicated two proteins that are required for pedestal formation in vitro, intimin (Donnenberg et al., 1993) and EspB (Tacket et al., 2000) , as important virulence factors. Strains lacking either of these proteins are severely attenuated in their ability to cause human disease. Further evidence for the importance of A/E lesion formation in virulence comes from work with a natural rabbit pathogen, REPEC O103:H2. This work demonstrated that EspA and EspB (Abe et al., 1998) and Tir and intimin (Marches et al., 2000) are essential for the diarrhoeal disease caused by this organism. In EHEC, intimin is required for colonization and the formation of A/E lesions in the intestines of gnotobiotic piglets and colostrum-deprived calves and is essential for the disease observed in these hosts (McKee et al., 1995; Dean-Nystrom et al., 1998) . Additionally, intimins from EPEC and EHEC are functionally interchangeable. Heterologous intimin expression supports both intestinal colonization (Tzipori et al., 1995; Phillips et al., 2000) and pedestal formation in cultured epithelial cells .
The process of pedestal formation is best understood for EPEC. EPEC Tir is tyrosine and serine/threonine phosphorylated upon insertion into the host cell membrane, and phosphorylation of tyrosine 474 is required for pedestal formation (Rosenshine et al., 1992; Kenny et al., 1997; Kenny, 1999) . Pedestal formation requires the recruitment of N-WASP (neural Wiscott-Aldrich syndrome protein; Kalman et al., 1999) , which is recruited to the pedestal in a Tir tyrosine phosphorylation-dependent manner (Goosney et al., 2000) . N-WASP functions to target the Arp 2/3 complex to Tir, which is required for pedestal elongation (Kalman et al., 1999) Both N-WASP and the Arp2/3 complex play a role in subversion of the actin cytoskeleton by other bacterial and viral pathogens (Suzuki et al., 1998; Frischknecht et al., 1999; Moreau et al., 2000) . Additionally, the amino-terminus of EPEC Tir binds directly to the host actin binding and cross-linking protein a-actinin, anchoring Tir to the host actin cytoskeleton (Goosney et al., 2000) . The focal adhesion proteins talin and vinculin have also been shown to interact directly with Tir (Freeman et al., 2000) .
Considerably less is understood about the mechanism of pedestal formation by EHEC. Unlike EPEC Tir, EHEC Tir is phosphorylated on serine or threonine, but not on tyrosine, and the role of these phosphorylation events is unknown . Despite these differences in Tir phosphorylation, EHEC forms seemingly identical pedestals within the host cell (Ismaili et al., 1995; DeVinney et al., 1999; Goosney et al., 2001) . In order to define further a role for Tir phosphorylation, we used sitedirected mutagenesis to generate EPEC Tir tyrosine 474 mutants, which we expressed in both EPEC and EHEC tir deletion strains, and subsequently examined infected cells for Tir delivery and pedestal formation. We found that EPEC and EHEC use different Tir-based mechanisms for pedestal formation. Unlike EPEC, pedestal formation by EHEC can occur independently of EPEC Tir tyrosine phosphorylation and requires the type III delivery of additional bacterial factors into the host cell.
Results

EHEC Tir does not fully complement an EPEC tir deletion mutant
To determine whether EPEC and EHEC Tirs are functionally interchangeable, a series of cross-complementation experiments were performed. EPEC and EHEC tir genes were amplified, cloned into pACYC184 under the control of the Tet R promoter and transformed into EPEC JPN15Dtir and EHECDtir. This generated the complemented strains JPN15Dtir/EPECtir and EHECDtir/EHECtir and the cross-complemented strains JPN15Dtir/EHECtir and EHECDtir/EPECtir. We used JPN15, an EPEC E2348/69 plasmid-cured derivative that lacks the large virulence plasmid (EAF) encoding the bundle-forming pilus (BFP) , as it adheres diffusely to the host cell in a similar manner to EHEC, facilitating the direct comparison of the two pathogens. We initially examined whether Tir was synthesized, delivered to and phosphorylated within the host cell by the complemented and cross-complemented strains. Triton X-100-soluble fractions were prepared from HeLa cells infected with each of the four strains as described in Experimental procedures. Although this method also extracts bacterial proteins, it remains useful for this purpose, as we are monitoring for the change in apparent molecular weight resulting from Tir phosphorylation, which occurs upon Tir delivery into the host cell (Gauthier et al., 2000) . Tir phosphorylation was assessed by incubating the Triton X-100-soluble fractions with the non-specific phosphatase alkaline phosphatase before resolution on 8% SDS-PAGE and analysis by immunoblotting with anti-Tir and anti-phosphotyrosine (PY) antisera. In all four strains, Tir was synthesized by the bacteria, delivered to the host cell and appropriately phosphorylated (Fig. 1) . EPEC Tir was delivered to the host cell by both JPN15Dtir and EHECDtir, where it became tyrosine phosphorylated, as evidenced by the reduction in apparent molecular weight after treatment with alkaline phosphatase and reactivity with anti-PY antisera (Fig. 1A and B , left) . In the case of EHEC Tir, both JPN15Dtir/EHECtir and EHECDtir/EHECtir synthesized and delivered Tir into the host cells. In both strains, we observed a decrease in EHEC Tir apparent molecular weight after treatment with alkaline phosphatase, indicating that EHEC Tir becomes phosphorylated upon translocation (Fig. 1A, right) . Anti-PY blotting revealed that EHEC Tir was not tyrosine phosphorylated (Fig. 1B, right) , supporting previous observations in wild-type EHEC (Ismaili et al., 1998; DeVinney et al., 1999) .
We next examined whether pedestals form in cells infected with the cross-complemented EPEC JPN15 and EHEC strains. HeLa cells were infected with either the cross-complemented strains JPN15Dtir/EHECtir or EHECDtir/EPECtir or with the control complemented strains JPN15Dtir/EPECtir or EHECDtir/EHECtir. Samples were prepared for immunofluorescence microscopy and labelled with either anti-Tir or anti-PY antisera and phalloidin to visualize actin pedestals. EPEC Tir complemented pedestal formation by EHECDtir. The pedestals formed by EHECDtir/EPECTir were indistinguishable from those formed by JPN15Dtir/EPECtir ( Fig. 2A) and formed with equal efficiency to those elicited by EHECDtir/EHECtir (Table 1) . In both cases, anti-EPEC Tir and anti-PY labelling were tightly focused at the tip of the actin pedestals, corresponding to tyrosine-phosphorylated EPEC Tir ( Fig. 2A ; Kenny et al., 1997) . Taken together with the results in Fig. 1 , this indicates that EHEC is able to stimulate the tyrosine kinases required for EPEC Tir phosphorylation. In contrast, although JPN15Dtir/EHECtir delivered Tir to the host cell, pedestals did not form beneath the adhering bacteria (Fig. 2B) . The EHEC tir construct expressed by this strain is fully functional, as evidenced by its ability to complement pedestal formation by EHECDtir (Fig. 2B, bottom) . Collectively, these data suggest that, although EPEC and EHEC Tirs are expressed and delivered to the host cell by the crosscomplemented strains, they are not functionally identical with regard to pedestal formation.
Pedestal formation by EHEC occurs independently of EPEC Tir tyrosine phosphorylation
One important difference between EPEC and EHEC Tir is at the level of phosphorylation. EPEC but not EHEC Tir is tyrosine phosphorylated on residue 474, which is essential for pedestal formation (Kenny, 1999) . To examine further the role played by EPEC Tir tyrosine phosphorylation in pedestal formation, we used a polymerase chain reaction (PCR)-based mutagenesis strategy to change the phosphorylated EPEC Tir tyrosine 474 to phenylalanine. The resulting construct, EPECtir Y474F, was transformed into JPN15Dtir and EHECDtir, and the strains were examined for their ability to deliver Tir and form pedestals within HeLa cells. Infection with JPN15Dtir/EPECtir Y474F did not result in pedestal formation, although EPEC Tir Y474F was delivered to the host cell and focused beneath adhering bacteria (Fig. 3A, top) . The inability of this strain to form pedestals resulted from the absence of Tir tyrosine phosphorylation, as shown by immunofluorescence and immunoblot analysis. No 90 kDa band was detected upon anti-PY immunoblotting of Triton X-100-soluble fractions from HeLa cells infected with JPN15Dtir/EPECtir Y474F (Fig. 3B , right, compare with wild-type EPEC Tir in Fig. 1 ), indicating that Tir Y474F is not tyrosine phosphorylated.
However, EPEC Tir Y474F is serine/threonine phosphorylated after delivery to the host cell, as evidenced by the mobility shift observed on an anti-Tir blot after treatment with alkaline phosphatase (Fig. 3B , left l). Taken together, this suggests that EPEC Tir serine/threonine phosphorylation alone is not sufficient to support pedestal formation by EPEC, which requires Tir tyrosine phosphorylation.
In contrast, pedestal formation by EHEC occurs independently of EPEC Tir tyrosine phosphorylation. Infection with EHECDtir/EPECtir Y474F resulted in the formation of actin-rich pedestals beneath the adhering bacteria, where Tir, but not phosphotyrosine, accumulated at the pedestal tip (Fig. 3A, bottom) , suggesting that Tir is not tyrosine phosphorylated. Pedestal formation by this strain was significantly less efficient than that of EHECDtir/EHECtir (Table 1; 19.0^2.0% for EPECY474F compared with 35.0^3.5% for EHEC Tir). Results from anti-Tir and anti-PY immunoblots of Triton X-100-soluble fractions confirmed these observations. EHECDtir/ EPECtir Y474F delivers Tir to the host cell ( Fig. 3B , left), which is phosphorylated but not on tyrosine, as evidenced by the decrease in apparent molecular weight after phosphatase treatment and lack of reactivity with anti-PY antisera. There was no difference in the electrophoretic mobility and alkaline phosphatase sensitivity between EHECDtir-or JPN15Dtir-delivered EPEC Tir Y474F (Fig. 3B) . Collectively, these data suggest that EHEC uses a Tir tyrosine phosphorylation-independent mechanism for pedestal formation. In contrast, EPEC Tir tyrosine phosphorylation is an essential step in pedestal formation mediated by EPEC, which cannot use either an unphosphorylatable EPEC Tir mutant or EHEC Tir to form pedestals. Based on these results, we addressed two additional questions: what role does Tir tyrosine phosphorylation play in pedestal formation, and how does EHEC form a pedestal in the absence of Tir tyrosine phosphorylation?
EPEC Tir Y474E does not rescue pedestal formation by EPEC
To determine the contribution of the negative charge introduced upon phosphorylation of Y474, we constructed a 'pseudophosphorylated' mutant of EPEC Tir using sitedirected mutagenesis to change tyrosine 474 to a glutamic acid residue (EPECtir Y474E) and expressed this construct in JPN15Dtir and EHECDtir. This mutation introduces a negative charge that may mimic some of the effects of protein tyrosine phosphorylation (Creighton, 1993) . Transformation of this construct into JPN15Dtir did not rescue pedestal formation by this strain. After a 4 h incubation, bacteria adhered strongly to the HeLa cell surface and focused Tir, yet pedestals did not form (Fig. 4A ). We infrequently observed actin condensation beneath adhering bacteria, but only in areas densely covered with adherent JPN15Dtir/EPECtir Y474E (Fig. 4A , arrows). Even after a 7 h incubation, we never observed the formation of elongated pedestals with this strain (data not shown). In contrast, EHECDtir/ EPECtir Y474E infection of HeLa cells resulted in the formation of pedestals that appeared identical to those elicited by EHECDtir/-EPECtir Y474F (Fig. 4A , bottom, compare with Fig. 3 ). Pedestal formation by this strain occurred at a similar efficiency to that of EHECDtir/EHECtir (Table 1) . Tir, but not phosphotyrosine, was focused at the tip of the actin pedestals elicited by this strain (Fig. 3 ). When Triton X-100-soluble membranes from HeLa cells infected with either JPN15Dtir/EPECtir Y474E or EHECDtir/ EPECtirY474E were examined by immunoblotting for Tir delivery and phosphorylation, we found that EPEC Tir Y474E was serine/threonine phosphorylated upon delivery to the host cell, as indicated by the decrease in apparent molecular weight observed after alkaline phosphatase treatment and the lack of reactivity on with anti-PY antisera. There was no difference in the electrophoretic mobility and alkaline phosphatase sensitivity between EHECDtir-or JPN15Dtir-delivered EPEC Tir Y474E, as shown in Fig. 4B .
The protein sequence surrounding EPEC Tir Y474 is essential for pedestal formation by EPEC Although the EPEC and EHEC Tir protein sequences are 58% identical, the two proteins are quite divergent in their C-termini (40% identity) . In particular, the 18-amino-acid motif that contains EPEC Tir Y474 is completely different with respect to the corresponding region in EHEC Tir (Fig. 5A ). We hypothesized that these unique regions of Tir might play an important role in pedestal formation by EPEC and EHEC. To examine a role for these sequences, we constructed two chimeric Tir proteins as described in Experimental procedures. Indel-1 is a derivative of EPEC Tir, with the amino acid region from serine 465 to glycine 482 replaced with aspartic acid 469 to valine 489 from EHEC Tir (Fig. 5A ), a substitution that eliminates tyrosine 474 and its flanking amino acids. Similarly, Indel-2 was constructed by replacing aspartic acid 469 to valine 489 of EHEC Tir with serine 465 to glycine 482 from EPEC Tir, containing tyrosine 474 and its flanking amino acids (Fig. 5A ). These chimera were expressed in JPN15Dtir and EHECDtir and examined for the ability to deliver Tir and form pedestals. Replacement of the region around Y474 with the corresponding EHEC sequence in EPEC Tir (Indel-1) completely abolished pedestal formation by EPEC. In HeLa cells infected with JPN15Dtir/Indel-1, bacteria adhered to the host cells and focused Tir, but did not form pedestals (Fig. 5B) . In contrast, EHEC Tir carrying the EPEC Tir Y474 domain (Indel-2) restored the ability of EPEC to form pedestals with EHEC Tir (Fig. 5C , JPN15Dtir/Indel-2). Infection with JPN15Dtir/Indel-2 led to the formation of pedestals beneath the adhering bacteria. These pedestals formed with equal efficiency (Table 1 ) and appeared to be identical to those formed with wild-type EPEC Tir, with anti-Tir and anti-PY labelling focused at the pedestal tip, suggesting that Indel-2 was tyrosine phosphorylated once delivered to the host cell (compare Fig. 5C with Fig. 2A ). As expected, both Indel-1 and Indel-2 supported pedestal formation when transformed into EHECDtir (Fig. 5B and C) . In the case of EHECDtir/Indel-1, Tir was focused at the tip, but not tyrosine phosphorylated, as shown in Fig. 5B , and pedestal formation occurred at a significantly lower efficiency when compared with wild-type EHEC (Table 1; 26.3^3.1% for Indel-1 compared with 35.0^3.5% for EHEC Tir). Pedestals formed by EHECDtir/Indel-2 contained tyrosine-phosphorylated Tir at the tip and formed as efficiently as those elicited by EHECDtir/EHECtir (Fig. 5C , Table 1 ). In all cases, both Indel-1 and Indel-2 were delivered efficiently into the host cell, as determined by anti-Tir immunoblotting (Fig. 5D) . Collectively, these data indicate that the region around EPEC Tir Y474 is essential for pedestal formation by EPEC and that this region contains the sequences required for EPEC Tir tyrosine phosphorylation.
Pedestal formation by EHEC requires additional bacterial factors
Our results indicate that EHEC Tir does not complement pedestal formation by EPEC JPN15Dtir and that EHEC but not EPEC can use the non-tyrosine-phosphorylated EPEC Tir Y474F to form pedestals within the host cell. In these experiments, there was no difference in either the EHEC Tir or EPEC Tir Y474F delivered by EPECDtir or EHECDtir or the HeLa cells used in the infections. The only difference was in the bacterial strains delivering EPEC Tir Y474F into the HeLa cell membrane, suggesting to us that EHEC may be delivering additional bacterial factors to facilitate Tir tyrosine phosphorylation-independent pedestal formation. To test this hypothesis, we used a co-infection strategy. Strain JPN15Dtir/EHECtir/GFP, which expresses the green fluorescent protein (GFP), was used to determine whether EHEC delivers additional Fig. 4 . A. Immunofluorescence micrograph of HeLa cells infected with either JPN15Dtir/EPECtir Y474E or EHECDtir/EPECtir Y474E. Cells were fixed and labelled as in Fig. 3A . Arrows indicate actin accumulation between JPN15Dtir/EPECtir Y474E as described in the text. B. Anti-EPEC Tir mAb 2A5 (left) and anti-PY (right) Western blots of Triton X-100-soluble fractions from HeLa cells infected with either JPN15Dtir/EPECtir Y474E or EHECDtir/EPECtir Y474E. Samples were prepared and alkaline phosphatase treated as described and resolved on 8% SDS -PAGE. Arrowheads indicate the position of phosphorylated and dephosphorylated Tir, and molecular weight markers are in kDa.
bacterial factors to the host cell that are necessary for pedestal formation. HeLa cells were co-infected with JPN15Dtir/EHECtir/GFP and EHEC UMD619Dtir. The latter strain lacks both Tir and intimin, adheres weakly to the host cell, and the majority of bacteria are removed by the extensive washing involved in this method. Although this strain does not form pedestals, it contains an intact type III secretion and translocation apparatus and can therefore deliver proteins to the host cell. If any of these delivered proteins are required for pedestal formation, we expected to observe pedestals form beneath JPN15Dtir/EHECtir/GFP.
The results from these experiments are shown in Fig. 6 . In cells infected with JPN15Dtir/EHECtir/GFP alone, there was no evidence of actin accumulation beneath the adhering GFP-expressing bacteria (Fig. 6,  top) . Only when cells were co-infected with EHEC UMD619Dtir and JPN15Dtir/EHECtir/GFP was pedestal formation observed (Fig. 6, second row) . In contrast, the corresponding EPEC JPN15 tir/intimin double mutant strain UMD207Dtir was unable to rescue pedestal formation by JPN15Dtir/EHECtir/GFP (Fig. 6, third row) . The additional bacterial factors are probably delivered via the EHEC type III secretion system, as co-infection with JPN15Dtir/EHECtir/GFP and CVD451, a weakly adherent EHEC strain containing a mutation in escN, an essential component of the type III secretion system, did not result in pedestal formation (Fig. 6, bottom) . Interestingly, co-infection with EHEC UMD619Dtir restored pedestal formation by both JPN15Dtir/EPECtir Y474F/GFP and JPN15Dtir/Indel-1/GFP in a similar manner to that observed with JPN15Dtir/EHECtir/GFP (data not shown). These data strongly suggest that pedestal formation by EHEC, in the absence of tyrosine phosphorylation, requires additional bacterial factors that are delivered to the host cell by the type III secretory apparatus and that both EPEC and EHEC Tir share the sequence information necessary for this process. A. Construction of Indel-1 and Indel-2. Top: protein sequences of the regions of EPEC and EHEC Tir that were exchanged during the construction of the Tir chimera. Bottom: diagram of Indel-1 and Indel-2 chimera. EPEC Tir sequence is indicated in grey, whereas EHEC sequence is white. B. Immunofluorescence micrographs of HeLa cells infected with either JPN15Dtir/Indel-1 or EHECDtir/Indel-1. Cells were triple labelled with either anti-PY or mouse anti-EPEC Tir 2A5, DAPI and phalloidin. C. Immunofluorescence micrographs of HeLa cells infected with either JPN15Dtir/ Indel-2 (top) or EHECDtir/Indel-2 (bottom). Cells were triple labelled with either mouse anti-EPEC Tir mAb 2E8 or anti-PY and DAPI and phalloidin. D. Anti-Tir immunoblot of Triton X-100-soluble fractions from HeLa cells infected with JPN15Dtir/Indel-1, EHECDtir/Indel-1 (left) or JPN15Dtir/Indel-2 or EHECDtir/Indel-2 (right). Samples were prepared and alkaline phosphatase treated as described and resolved on 8% SDS -PAGE. Arrowheads indicate the position of phosphorylated and dephosphorylated Tir, and molecular weight markers are in kDa.
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Discussion
Pedestal formation by EHEC and EPEC is often believed to occur by a similar mechanism. Despite differences in Tir tyrosine phosphorylation, the pedestals elicited by EPEC and EHEC appear to be morphologically identical, with Tir at the pedestal tip and cytoskeletal components including actin and alpha actinin along the length (Ismaili et al., 1995; Cantarelli et al., 2000; Goosney et al., 2001) . In this study, we report the surprising finding that EHEC and EPEC use different Tir-based mechanisms for pedestal formation. Our data indicate that pedestal formation by EHEC and EPEC differs in the requirements for Tir tyrosine phosphorylation and additional bacterial factors delivered to the host cell. This information represents a change in how we view pedestal formation by these two pathogens and indicates that what we know about the mechanism of pedestal formation by EPEC is not always directly applicable to EHEC.
One critical difference between pedestal formation by EHEC and EPEC is in the requirement for Tir tyrosine phosphorylation. In EPEC, pedestal formation is absolutely dependent on Tir tyrosine phosphorylation. Mutation of EPEC Tir tyrosine 474 to either phenylalanine (Gauthier et al., 2000; Goosney et al., 2000;  this study) or serine (Kenny, 1999) abolishes the ability of EPEC to form pedestals within the host cell, without affecting either Tir delivery or membrane insertion. Additionally, expression of EHEC Tir in an EPEC tir deletion strain does not result in pedestal formation. Both EPEC Tir Y474F and EHEC Tir are still phosphorylated on serine/threonine, indicating that these modifications alone are not sufficient to support pedestal formation by EPEC. In contrast, pedestal formation by EHEC occurs independently of Tir tyrosine phosphorylation. EHEC Tir is not tyrosine phosphorylated, and our results from cross-complementation experiments demonstrate that EHEC expressing EPEC Tir Y474F forms pedestals within the host cell even though it cannot be tyrosine phosphorylated. This is not caused by the inability of EHEC to stimulate Tir tyrosine phosphorylation, as tyrosine-phosphorylated wild-type EPEC Tir is found at the tip of the pedestal formed by EHECDtir/EPECTir.
The function of Tir tyrosine phosphorylation in pedestal formation by EPEC is not understood. Our data indicate that it does not result only from the introduction of a negative charge, as the 'pseudophosphorylated' tyrosine to glutamic acid mutant Y474E did not restore pedestal formation to an EPEC Tir deletion strain. Although we occasionally observed filamentous actin beneath some, but not all, adhering JPN15Dtir/EPECtir Y474E, this accumulation appeared to be different morphologically from that observed in EPEC pedestals. The actin accumulation observed may result from the recruitment of some but not all the required cytoskeletal components to EPEC Tir Y474E or may represent the non-specific actin accumulation we have observed at the site of adherence of EPECDtir strains (Kenny et al., 1997; Goosney et al., 2001) . Recently, the identity of a number of host proteins recruited to pedestals formed by EPEC and EHEC has been determined , and this information will provide us with the tools to distinguish between these two possibilities.
Although EHEC formed pedestals with all the constructs examined in this study, the efficiency of pedestal formation was not identical for all strains. Pedestal formation by both EHECDtir/EPECtir Y474F and EHECDtir/Indel-1 was significantly less efficient that that of EHECDtir/EHECtir. Bacterial adherence and pedestal formation by these strains was 25 -46% lower than that observed with EHECDtir/EHECtir (Table 1) . Both strains delivered Tir into the host cell at levels equivalent to that observed with EHECDtir/EHECtir (Figs 3 and 5) . In all cases, pedestal formation was observed under all adherent bacterial microcolonies, suggesting that the effect on efficiency of pedestal formation results from differences in adherence to the host cell. In EHEC, both Tir and intimin are required for stable adherence to cultured epithelial cells and intestinal colonization (McKee et al., 1995; DeVinney et al., 1999) . One possible explanation for the difference in efficiency of pedestal formation is that the mutations introduced to construct EPECtir Y474F and Indel-1 alter Tir -intimin binding and therefore affect initial bacterial adherence. We are presently undertaking studies to examine the effect of these mutations on Tir-intimin binding.
Results from our studies with the chimeric Tir proteins Indel-1 and Indel-2 indicate that the region surrounding Y474 in EPEC Tir is critical for pedestal formation by EPEC. Replacement of amino acid sequence surrounding EPEC Tir Y474 with the non-identical corresponding sequence from EHEC Tir (Indel-1, Fig. 5A ) abolished pedestal formation by EPEC expressing this construct. However, the introduction of the same sequence surrounding EPEC Tir Y474 into EHEC Tir (Indel-2) and expression in EPECDtir resulted in the formation of pedestals that appeared to be identical to those elicited by wild-type EPEC. This sequence contains both the phosphorylated Y474 and upstream sequences with homology to substrate sequences recognized by mammalian tyrosine kinases. Work from Songyang et al. (1993) suggested that a number of mammalian tyrosine kinases preferred to phosphorylate peptides with acidic amino acids in the 23 and 24 positions before the phosphorylated tyrosine and a hydrophobic amino acid at the 13 position. The sequence surrounding the phosphorylated Y474 in EPEC Tir (EEHI-Y474-DEV) contains amino acids in this context. In addition, this sequence shares significant homology with phosphoprotein motifs shown to be important for their recognition by SH2 domain-containing proteins (Songyang et al., 1993) . Collectively, these data suggest that this amino acid region of EPEC Tir contains all the information necessary for tyrosine phosphorylation and the potential interaction with SH2 domain-containing proteins that may be involved in linking Tir to the actin cytoskeleton.
In EPEC, Tir tyrosine phosphorylation is required for the recruitment of two important cytoskeletal components, N-WASP and the Arp 2/3 complex, to Tir (Goosney et al., 2000) , which are required for pedestal formation (Kalman et al., 1999) . Both N-WASP and the Arp 2/3 complex play important roles in cytoskeletal reorganization in response to extracellular stimuli, but have not been shown to interact directly with tyrosine-phosphorylated receptors (Mullins, 2000) . An important class of proteins, SH2 domaincontaining cellular adaptors, function as molecular linkers between tyrosine-phosphorylated receptors and the actin cytoskeleton (Rivero-Lezcano et al., 1995; Carlier et al., 2000) . We have demonstrated recently that EPEC Tir binds directly to the SH2 domain-containing adaptor protein Nck and does so in a Tir tyrosine phosphorylationdependent manner (Gruenheid et al., 2001 ). Nck binding is essential for pedestal formation, as cells that are deficient in Nck family members (Nck1/Nck2) are unable to support pedestal formation by EPEC. Not surprisingly, pedestal formation by EHEC is unaffected in the Nck1/Nck2 double mutant cell line.
A second major difference between the mechanisms of pedestal formation by EHEC and EPEC is the requirement for the delivery of additional bacterial factors into the host cell. Several lines of evidence support this conclusion. EHEC, but not EPEC, forms pedestals with EPEC Tir Y474F, suggesting that EHEC may be delivering additional bacterial factors to facilitate Tir tyrosine phosphorylation-independent pedestal formation. We addressed this directly by performing co-infection experiments. Although expression of either EHEC Tir or EPEC Tir Y474F in an EPEC Tir deletion strain did not result in pedestal formation, we were able to rescue pedestal formation by coinfecting with an EHEC strain lacking both Tir and intimin (EHEC UMD619Dtir), but not with a type III secretion mutant (EHEC CVD451). Our data strongly suggest that putative EHEC additional factors are delivered into the host cell via the EHEC type III secretion apparatus, as coinfection with the type III secretion mutant CVD451 did not rescue pedestal formation.
In EHEC, pedestal formation occurs without Tir tyrosine phosphorylation and requires the delivery of additional bacterial factors into the host cell. Despite the absence of Tir tyrosine phosphorylation, N-WASP and the Arp 2/3 complex are still recruited to the EHEC pedestal , suggesting that different signalling pathways are modulated by EHEC leading to pedestal formation. It is tempting to speculate that additional EHEC factors delivered into the host cell may serve as an interface between Tir and the host cytoskeleton. These factors may either bind directly to EHEC Tir, leading to recruitment of Pedestal formation by EHEC 1453 the cytoskeletal machinery, or act indirectly to affect signalling pathways controlling cytoskeletal organization.
The EHEC protein(s) that provide the capacity to form pedestals in a tyrosine phosphorylation-independent manner are not yet known. However, one interesting possibility is that functional differences may rely on the LEE-encoded proteins, such as the type III secreted EspB and EspD, which exhibit the most sequence divergence between EHEC and EPEC . This sequence divergence may confer additional features to these proteins during pedestal formation by EHEC. EspB and EspD are delivered to the host cell membrane and cytosol and are hypothesized to play a role as bacterial effectors and in the translocation of bacterial proteins into the host cell (Taylor et al., 1998; Wolff et al., 1998; Kresse et al., 1999; Wachter et al., 1999) . EspF contains sequences with high homology to mammalian poly proline-rich SH3-binding domains, which are found in a number of signalling and cytoskeletal proteins. This protein, although not essential for pedestal formation by EPEC, has not been studied in EHEC (McNamara and Donnenberg, 1998) . Alternatively, the additional EHEC factors may be encoded elsewhere in the EHEC genome, which is < 25% larger than that of E. coli K-12 and contains close to 1400 genes, with many organized in potential pathogenicity islands, that are not present in E. coli K-12 (Ohnishi et al., 1999; Nicholls et al., 2000; Tarr et al., 2000; Perna et al., 2001) . Therefore, it is not unexpected that some of these additional genes could encode EHEC virulence factors involved in pedestal formation. In addition, EHEC strains also contain a large virulence plasmid, pO157, which contains ORFs of unknown function that may also encode factors involved in pedestal formation (Burland et al., 1998; Makino et al., 1998) . We are presently pursuing studies to identify and elucidate the function of these additional EHEC factors.
An intriguing question is why EHEC O157:H7 evolved a different mechanism for pedestal formation. All the Tir sequences obtained from non-O157:H7 EHEC strains published in the data bank to date contain a tyrosine residue in the similar context to EPEC Tir Y474 (e.g. O26:H-AJ223063; O111:H-AF070069). Preliminary immunofluorescence microscopy studies from this laboratory have shown that a number of EPEC and non-O157 EHEC strains form pedestals and accumulate tyrosine-phosphorylated Tir at the tip. Only the closely related EHEC strain O55:H7 (Reid et al., 2000) , which produces a Tir protein that has a C-terminal sequence almost identical to that found in EHEC O157:H7, forms pedestals that do not contain tyrosine-phosphorylated Tir at the tip (unpublished results). Therefore, it is tempting to speculate that, by forming tyrosine phosphorylation-independent pedestals, EHEC has evolved to become a more efficient pathogen that is less dependent on host cell signalling pathways, such as those involving tyrosine kinases, to form pedestals.
We have shown that, in EPEC, Tir tyrosine phosphorylation and the region surrounding the phosphorylated tyrosine 474 are essential features for pedestal formation. The role played by EPEC Tir tyrosine phosphorylation is not the result only of the introduction of a negative charge. In contrast, in EHEC, pedestal formation occurs independently of Tir tyrosine phosphorylation and requires the delivery of additional EHEC factors into the host cell to circumvent host tyrosine kinase signalling. These findings represent a fundamental difference in the mechanisms of pedestal formation by these two closely related pathogens.
Experimental procedures
Bacterial strains and HeLa cell cultures
The strains used in this study are listed in Table 2 . EHEC and EPEC strains used to infect HeLa cells were grown in LuriaBertani broth supplemented with appropriate antibiotics as standing overnight cultures at 378C. HeLa cells (CCL2; American Type Culture Collection) were cultured in minimal essential medium (MEM) supplemented with 10% fetal calf serum (FCS), grown at 378C in 5% CO 2 .
Construction of plasmids expressing EPEC and EHEC tir
The coding regions of the EPEC and EHEC tir genes were polymerase chain reaction (PCR) amplified using the primers Tir0041 and Tir005 -, which introduced Bgl II and Xho I restriction sites respectively (Table 3) . Tir0041 hybridized to the ribosome binding site and 5 0 end of both tir genes, whereas Tir005 -hybridized to the 3 0 end sequences that span the stop codons. The amplified products were cloned into the Bam HI-Sal I sites in pACYC184, leaving the tir genes under the control of the tetracycline resistance gene (Tet R ) promoter, thus generating pEP23 (EPEC) and pEH86 (EHEC).
Site-directed mutagenesis of EPEC tir Tyr474
To construct both the Tyr-474Phe and the Tyr-474Glu mutants of EPEC Tir, pEP23 was used as a template to PCR amplify a fragment containing the 3 0 end of the tir gene from codon 466A, followed by a vector region containing the pACYC184 Eag I unique restriction site. Oligos DGK0011 or TIR0131 (Table 3) , which span an endogenous Sap I restriction site and introduce single point mutations in the 474 codon to create the Y474F and Y474E mutants, respectively, together with the reverse oligonucleotide RD131 -, which is complementary to pACYC184, were used. Both pEP23 and the mutagenized fragments were digested with Sap I 1 Eag I. The pEP23 large Sap I-Eag I fragment, lacking the unmutagenized insert fragment, was gel purified and ligated with the corresponding digested mutagenized fragments to create pEP23-Y474F and pEP23-Y474E. The tir mutant genes in these plasmids were sequenced to confirm the modifications and electroporated into EPEC JPN15Dtir and EHECDtir. Expression and stability of the mutant proteins was assessed by Western blot using an anti-Tir monoclonal antibody (see below).
Construction of EPEC and EHEC Tir chimeric proteins
EPEC Indel-1 was constructed by inverse PCR amplification of pEP23 using the primers Tir0101 and Tir011 -, which introduce a silent mutation to create a unique Spe I site (Table 3 ). This resulted in the deletion of an EPEC tir fragment Table 3 . Oligonucleotides used in this study. Pedestal formation by EHEC 1455 that spans codons 465S to 482G and the insertion of an EHEC tir sequence from codons 469Q to 489V. The resulting fragment was digested with Spe I and religated to generate pEP-Indel-1. Likewise, EHEC Indel-2 was constructed by inverse PCR amplification of pEH86 using the primers RDI21 and RDI2 -, which introduce a silent mutation to create a unique Pst I site (Table 3 ). This resulted in the deletion of EHEC tir codons 469Q to 489V and the insertion of EPEC tir codons 465S to 482G. The resulting fragment was digested with Pst I and religated to generate pEH-Indel-2. pEP-Indel-1 and pEH-Indel-2 were transformed into EPEC JPN15Dtir and EHECDtir.
Cellular fractionation and immunoblotting
Cultured HeLa cells were infected with either the JPN15Dtir strains for 4 h or the EHECDtir strains for 6 h, with the culture media replaced after 4 h, washed and solubilized with lysis buffer containing 50 mM Tris (pH 7.4)21% Triton X-100 supplemented with protease inhibitors (Complete EDTA-free; Calbiochem) and phosphatase inhibitors (1 mM NaVO 4 , 100 nM Microcystin LR). Triton X-100-soluble fractions (membranes, cytosol and solubilized bacterial proteins) were separated from the insoluble fraction containing most of the bacteria and host cytoskeleton by centrifugation. Samples for alkaline phosphatase treatment were prepared in lysis buffer without phosphatase inhibitors and treated with 2 U of calf intestinal alkaline phosphatase (NEB) for 1 h at 378C. Samples were analysed by immunoblotting with anti-EPEC Tir (mouse monoclonal antibodies 2A5, amino-terminus; 2E8, carboxy-terminus), rat anti-EHEC Tir and anti-phosphotyrosine (anti-PY, clone 4G10; UBI) as described previously (Rosenshine et al., 1996) .
Immunofluorescence microscopy
One millilitre of 2 Â 10 4 HeLa cells was added to each well of a 24-well plate containing a 12 mm glass coverslip and grown overnight. Monolayers were infected with 5 ml of broth-grown EHEC or JPN15 strains and incubated for either 4 h or 4 h followed by the addition of gentamicin (50 mg ml 21 ) for an additional 3 h to promote pedestal elongation (Rosenshine et al., 1996) . Cells were fixed in 2.5% paraformaldehyde (PFA), permeabilized with 1% Triton-X100 -PBS and blocked in 10% normal goat serum20.1% Triton X-100 -PBS before incubation with primary and secondary antisera as described previously. Antisera were used at the following dilutions: rat anti-EHEC Tir, 1:200; mouse anti-EPEC Tir mAb clone 2A5 (Tir N-terminus) or 2E8 (Tir C-terminus), 1:100; mouse anti-PY, 1:100; goat anti-mouse Alexa 488 (Molecular Probes) 1:400; donkey anti-rat tetramethyl rhodamine isothiocyanate (TRITC; Jackson Labs) 1:400; Alexa 488 or 568 phalloidin (Molecular Probes) 1:300; DAPI (Sigma) 2 mg ml 21 . Samples were examined using a Zeiss Axioskop microscope, and images were acquired with an Empix DVC1300 digital camera and analysed using NORTHERN ECLIPSE imaging software. The efficiency of pedestal formation by the complemented and cross-complemented strains was assessed by determining the percentage of cells showing tightly focused actin pedestals beneath microcolonies of at least five adhering bacteria. Replicate fields of at least 100 cells were counted for each strain that formed pedestals. In all cases, pedestal formation was observed under all adherent bacterial microcolonies. Data is expressed as the mean^SD of three replicate experiments, and the differences between groups were determined by ANOVA.
Co-infection experiments
Enhanced GFP under the control of the aphA3 (kanamycin) promoter was excised from pAT113, ligated into the Sal IPst I sites of the low-copy-number plasmid pUFR047 and transformed into JPN15Dtir/EHECtir to create JPN15Dtir/-EHECtir/GFP (Table 2 ). HeLa cells plated at 2 Â 10 4 ml 21 on 12 mm glass coverslips in 24-well plates were infected with 10 ml of EPEC JPN15Dtir/EHECtir/GFP either alone or coinfected with the EHEC Tir/intimin double mutant, UMD619D tir (3 ml), the EPEC BFP, tir/intimin triple mutant UMD207Dtir (3 ml) or the EHEC type III secretion mutant CVD451 (3 ml) for 4 h. Cells were washed, fixed, permeabilized and blocked as described above, before labelling with Alexa 568 phalloidin and DAPI.
